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Abstract: A fundamental thermodynamic analysis of an air-cooled fuel cell, where the reactant air
stream is also the coolant stream, is presented. The adiabatic cell temperature of such a fuel cell is
calculated in a similar way as the adiabatic flame temperature in a combustion process. Diagrams
that show the dependency of the cathode outlet temperature, the stoichiometric flow ratio and the
operating cell voltage are developed. These diagrams can help fuel cell manufacturers to identify a
suitable blower and a suitable operating regime for their fuel cell stacks. It is found that for standard
conditions, reasonable cell temperatures are obtained for cathode stoichiometric flow ratios of ξ = 50
and higher, which is in very good agreement with manufacturer’s recommendations. Under very
cold ambient conditions, the suggested stoichiometric flow ratio is only in the range of ξ = 20 in order
to obtain a useful fuel cell operating temperature. The outside relative humidity only plays a role
at ambient temperatures above 40 ◦C, and the predicted stoichiometric flow ratios should be above
ξ = 70 in this region. From a thermodynamic perspective, it is suggested that the adiabatic outlet
temperature is a suitable definition of the fuel cell operating temperature.
Keywords: air-cooled proton exchange membrane fuel cells; adiabatic fuel cell temperature;
thermodynamic analysis of proton exchange membrane fuel cells
1. Introduction
Air-cooled, low-temperature proton exchange membrane fuel cells (PEMFCs) are attractive
for applications in the range of up to a few kW. Among the salient features is their simplicity of
operation because they do not need a secondary coolant loop. The major disadvantage is the relatively
low observed maximum current density of around 0.3–0.4 A/cm2, which severely limits the power
density [1]. Moreover, it is often difficult to operate these fuel cells in extreme climate conditions.
The principle of air-cooled fuel cells is the same as of liquid-cooled fuel cells: oxygen from air
is combined with hydrogen to produce water and electricity. A certain amount of waste heat is
produced due to overpotentials that predominantly occur at the fuel cell catalysts and inside the proton
conductive membrane. The half-cell reactions are:
Anode: H2 ⇒ 2H++ 2e−
Cathode: 12 O2 + 2H
+ + 2e− ⇒ H2O
Combined: H2 + 12 O2 ⇒ H2O
The electrons produced by the anode half-cell reaction are driven through an external circuit
to the cathode by the electro-motive force, and the protons migrate through the polymer electrolyte
membrane, which is proton conductive and electron repellant. In order to have the reactions occurring
at an appreciable rate, overpotentials have to be applied, and these are the sources of waste heat.
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While the theoretical cell potential between anode and cathode based on thermodynamics should be
1.23 V, practical operating voltages are 0.5–0.8 V. In order to obtain an appreciable voltage, numerous
single fuel cells are combined in a fuel cell stack, where the stack voltage is the sum of the individual
cell voltages and the current that is drawn through all cells in series. A simple schematic of a fuel cell
is shown in Figure 1.
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Figure 1. Proton exchange membrane fuel cell (PEMFC) schematic [2].
The thermo-neutral potential of the fuel cell reaction is 1.482 V, assuming that the product water is
in the liquid phase [3]. The corresponding potential based on the lower heating values is 1.254 V [3].
The difference between the thermo-neutral potential and the fuel cell operating voltage multiplied
with the fuel cell current density is the amount of waste heat that is produced inside the fuel cell, and
the fuel cell efficiency is directly proportional to the fuel cell voltage.
In air-cooled, low-temperature PEMFCs, the waste heat is removed by excessive air that is
being fed to the fuel cell. Therefore, the reactant air is, at the same time, the coolant air, and the
stoichiometric flow ratio, ξ, must be high. Such units are already widely commercially available,
a leading manufacturer being Ballard Power Systems [4].
One of the disadvantages of air-cooled PEMFCs is their low maximum current density of only
around 0.4 A/cm2 (e.g., References [5,6]), which severely limits the power density. By comparison,
liquid-cooled PEMFCs that are being developed for automotive applications have a maximum current
density of up to 2.0 A/cm2, which lead to power densities in the range of 1.0 W/cm2. It should be a
goal to increase the maximum current density that can be drawn from an air-cooled fuel cell because
this will lead to a substantial increase in their power density. It is clear that such an increase in power
density also leads to a cost reduction.
Since the reactant air is directly taken from the environment, the performance and thermal
management of these fuel cells is very sensitive to the ambient conditions. While it is no problem
to operate such a fuel cell stack at an ambient temperature of 25 ◦C and typical relative humidity
levels for temperate climate regions, the air-cooled fuel cell operation becomes less stable in regions
with extreme temperatures. These systems are also placed in remote regions with extreme climates,
and stable operation must be ensured. Thus, there is a need to fundamentally understand the impact
of the ambient temperature on the expected performance or even the possibility to operate such a stack
at extreme conditions.
Figure 2 summarizes suitable operating ranges as identified experimentally by Ballard Power
Systems [4]. The nominal power density at standard conditions is around 0.225 W/cm2 and the
maximum current density is around 0.4 A/cm2 [4]. Depending on the outside conditions, the cathode
stoichiometric flow ratio is typically in the region ξca = 50–120, and the stack performance was observed
to become unstable below a cathode side stoichiometric flow ratio of ξca = 20. The ambient relative
humidity has a stronger effect at temperatures higher than 40 ◦C, and the effect on the performance
Energies 2020, 13, 2611 3 of 14
is stronger in very dry regions. On the anode side, the stoichiometric flow ratio must be as low as
possible in order to preserve the hydrogen, and in practice, stacks are operated below an anode side
stoichiometry of ξan = 1.1 [4].
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and behind the stack and flow shifting was introduced with the goal of preventing stack overheating.
While the model predicted a temperature reversal according to the periodicity of the flow shifting,
no performance improvement was indicated. However, this concept helped to reduce the temperature
gradients and better understand the frequency of the flow reversal. Finally, the selection of the fan
based on different fan types with different performance curves was studied in Reference [15].
Shahsavari et al. [16] and Akbari et al. [17] developed a single-phase computational model of an
air-cooled fuel cell using COMSOL Multiphysics®. The focus was put on a better understanding of
the thermal management and the prediction of the maximum stack temperature as well as the main
temperature gradient, which occurs in the flow direction. They simulated a commercial fuel cell stack
by Ballard Power Systems and obtained very good agreement between their modeling predictions and
the measured maximum temperature. Unfortunately, performance data or maximum current densities
obtainable from that fuel cell stack were not released.
Other, very interesting work on air-cooled fuel cells was published by Meyer et al. [18,19].
Their studies focused on a commercial fuel cell design by Intelligent Energy, and the fuel cells differ
from the above-listed stacks in that air is used as a coolant in separate cooling channels. The reactant
air is fed in flow channels at a low stoichiometry. These air-cooled fuel cells are consequently more
similar to liquid-cooled fuel cells, which was also pointed out by Sasmito et al. [13].
More work on air-cooled fuel cell stacks that have separate cooling channels include the study by
Chen et al. [20], who developed a high-power air-cooled fuel cell stack with a current density above
0.8 A/cm2. The resulting power density was an impressive 0.6 W/cm2, and the stoichiometric flow
ratio of the reactant air was only 1.5–2.0 and below. However, the cooling channels accounted for 55%
of the bipolar plates’ frontal area, which also means that the membrane-electrode-assembly had to be
larger compared to, e.g., a Ballard stack. The active area of that stack was roughly 113 cm2 and the
maximum current was 100 A. The resulting power output was 2.55 kW.
Finally, a very good overview of the different cooling strategies in PEMFC stacks was given by
Zhang and Kandlikar [21], while Flückiger et al. [22] conducted a thermal modeling analysis of an
air-cooled fuel cell stack with edge cooling.
Air-cooled fuel cells are often used as telecom back-up applications in regions with extreme
climates. In order to understand, under which conditions such fuel cells may operate, a thermodynamic
analysis based on the first law of thermodynamics is conducted in this work. The calculations presented
here are inspired by the calculation of the adiabatic flame temperature in a combustion process, and it
will be shown that the outlet temperature of the reactant gases depend only on the ambient conditions,
the stoichiometric flow ratio of the cathode air (the anode side stoichiometry is fixed to a low value)
and the operating cell voltage. The latter determines the amount of waste heat that has to be removed
predominantly by the excess air. In doing so, feasible operating regimes for these air-cooled fuel cells
are identified and compared to the empirically determined regimes by Ballard Power Systems.
The main motivation for the current study is therefore:
• A lack of fundamental understanding concerning the required amount of air to control the fuel
cell temperature, i.e., the stoichiometric flow ratio.
• A lack of fundamental understanding of how the ambient conditions affect the required air flow
rates, and under what conditions it is feasible to operate such a fuel cell stack without a preheater.
• A lack of fundamental understanding of which blower has to be paired with such an air-cooled
fuel cell stack under various ambient conditions.
2. Formulation of the Molar Flow Rates and the Energy Balance
2.1. Assumptions
The analysis carried out below is conducted in a similar way as the calculation of the adiabatic
flame temperature in a combustion process by applying the first law of thermodynamics. It is based on
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assuming ideal gas behavior, and changes in potential and kinetic energy are neglected. Moreover, the
calculations assume steady-state operation.
2.2. Thermodynamic System Considered
The system under consideration is shown in Figure 3. It is the goal to determine the adiabatic
outlet temperature of the reactant gases, so all the waste heat is carried out of the cell in the form of
internal heat and the temperature of the product gases is increased. In contrast to the calculation of the
adiabatic flame temperature in a combustion process, the electrical work performed by the fuel cell
has to be accounted for because it is clear that the adiabatic outlet temperature of a fuel cell depends
strongly on the cell performance. For simplicity, it is assumed that anode and cathode gas streams
enter and leave the cell at the same temperature. Under such conditions, the exact water balance of the
fuel cell plays no role, i.e., it does not matter whether the product water leaves from the cathode side
or anode side because the water vapor leaves the cell at the same temperature.
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In order to conduct a first-law analysis of an air-cooled system, the molar flow rates have to
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previous articles in PEMFC (e.g., Reference [23]). The incoming molar stream of oxygen depends on
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From this, it follows that:
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It is desirable to express the amount of water entering the cell as a function of the current and
the stoichiometry, similar to the oxygen and nitrogen stream. Inserting Equations (1) and (2) and
reformulation yields:
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by Antoine’s equation:
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2.5. Formulation of the Energy Balance
Applying the first law of thermodynamics to an air-cooled PEMFC according to Figure 3,
it holds that:
Q−Wel = Hprod −Hreact (13)
here, Q is the heat loss of the cell and Wel is the work that is extracted from the cell. In the current case,
the system is considered adiabatic, Q = 0, and Wel is expressed as:
Wel = Vcell × Icell (14)
Because the system is assumed to be adiabatic, the calculated temperature of the outlet gases is
at a maximum. If the amount of heat loss from the stack to the surroundings is known, it may be
entered here. The current analysis reveals no information about the temperature distribution inside
the fuel cell stack, where the local temperature can be higher than the adiabatic outlet temperature of
the reactant gases. Such a temperature distribution may be obtained by a detailed analysis, as carried
out by Shahsavari et al. [16].




















where h indicates molar enthalpies in (J/mol). The molar enthalpy of any species consists of two terms:
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whereas the enthalpy of formation, h0f , of liquid water vapor is −285,830 J/mol and of water vapor is
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Oxygen 0.032 30.000 8682
Nitrogen 0.028 29.484 8669
Hydrogen 0.002 28.614 8468
Water Vapor 0.018 33.462 9904
For demonstration purposes only, we assume the incoming gas stream of the air-cooled system to
be at the standard conditions of 25 ◦C and 1 atm, so that the incoming enthalpy streams of oxygen,
nitrogen and hydrogen are zero compared to the standard condition. Moreover, it is assumed for
simplicity that the incoming air is completely dry so that there is no water vapor entering. Therefore,
according to Equation (15), the incoming enthalpy stream is zero relative to the standard conditions.
The outlet pressure of the fuel cell shall also be assumed to be 1 atm.
Inserting the above expressions into the energy balance then results in:
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The unit on both sides is in Watts, and it is observed that the enthalpy of formation is only
considered for the water. So far, we have not decided whether the product water will be in gas or
liquid phase. Obviously, the maximum cell temperature will be lower when the product water is in the
gas phase, but it depends on the outlet temperature when the outlet gas phase will become saturated.
Given the fact that these fuel cells operate on ambient air which is typically heated up inside the cell by
20–30 ◦C at a high stoichiometric flow ratio, it may be assumed that the product water leaves the cell in
the vapor phase.
It is observed that, according to Equations (1), (2) and (5), the molar flow rates depend directly on
the cell current, Icell, which means that it can be canceled out in Equation (17). Inserting the molar flow
rate and canceling yields:









































From Equation (18), it follows that there are only four independent parameters in this analysis:
the cell voltage, V, the stoichiometric flow ratio of the cathode side, ξCa, the outside relative humidity,
RH, and the temperature of the outlet gases, Tout. This leaves aside the anode stoichiometric flow ratio,
which should always be as close to unity as possible, which leads to the fact that the anode enthalpy
stream is negligible. In combustion analysis, it is common to apply an iterative method to determine
the temperature of the outlet gases. On the other hand, it is just as convenient to construct diagrams
where the cell voltage is the y-axis and the adiabatic outlet temperature of the gases is the x-axis.
With the anode stoichiometric flow ratio fixed at a low value of ξan = 1.1, and for a given ambient
pressure and relative humidity, the cathode stoichiometric flow ratio is then the only free parameter
left and a different value for ξca will give a different curve in the V-Tad-Diagram. Such diagrams can be
constructed for different ambient conditions in which the fuel cell is placed, and these are shown and
analyzed in the next section.
3. A Thermodynamic Analysis of Air-Cooled PEM Fuel Cells Using V-Tad-Diagrams
The above equations can now be applied to study the adiabatic cell temperature, i.e.,
the temperature of the product gases assuming all the waste heat is carried out by the flew gases.
To this end, the above equations can be entered into spreadsheet calculation software where the outlet
temperature is the adjustable parameter. As can be seen from Equation (18), the relative difference
between the inlet and outlet molar enthalpy streams can be given in terms of a voltage. This voltage
depends only on the temperature of the outlet gases and the outside conditions. Besides the cell
voltage, the cathode stoichiometric flow ratio is the most important parameter. Clearly, the ambient
air temperature and the relative humidity have an impact on the adiabatic outlet temperature. In
the following, four different cases will be examined in detail. In all cases, the ambient pressure was
assumed to be 1 bar, but according to Equation (18), that property only plays a role in the calculation of
the amount of water vapor that enters the cell.
3.1. Case 1: Standard Conditions
Standard operating conditions are that the inlet gas streams enter at 25 ◦C. It is assumed that
the relative humidity of the ambient air was 30%. Figure 4 shows the resulting dependency between
the gas outlet temperature, the stoichiometric flow ratio and the cell voltage. All the lines have a
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negative slope because if the cell voltage decreases for a given stoichiometric flow ratio, more waste
heat is produced and therefore, the cathode outlet temperature increases. The right-hand side of
Figure 4 zooms in on the region of interest. The supplier of our fuel cell stack states that the stack outlet
temperature should not exceed 60 ◦C and the stack voltage should be below 0.9 V to avoid irreversible
degradation [4]. On the other hand, the voltage should be above 0.6 V, if possible, to ensure satisfactory
cell performance. From this diagram, a working point under the given operating conditions may be
read, e.g., a stoichiometry of 50 and a cell voltage of 0.7 V. Under these conditions, the adiabatic outlet
temperature of the reactants will be 50 ◦C. Thus, the thermodynamic analysis yields a fundamental
explanation of the preferred operating conditions, as specified by the manufacturer.
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Varying the RH of the inlet air has only a very small impact on the results (not shown), and this
is also in good agreement with Figure 2. It is interesting to note that when the cell potential drops
from 0.7 V to 0.6 V, the adiabatic outlet temperature increases by only 5 ◦C and it would even stay the
same if the stoichiometric flow ratio would be increased from 50 to around 57. In practice, the fuel
cell temperature is monitored in a position inside the cathode flow channel and adjusted by the fan
drawing the air through the stack [4]. Overall, these diagrams suggest that there is no inherent reason
why an air-cooled fuel cell should not be operational at high current densities.
3.2. Case 2: Cold and Dry Conditions
It is a requirement that fuel cell systems for telecom back-up applications also operate in an
environment with a temperat re as low as −40 ◦C. For the sake of demonstr tion, it is assumed that
cold air at −20 ◦C is inde d fed to the fuel cell. Obvi usly, such air cann t contain any water vapor,
and the RH is set to zero (ev n if i wo ld b set to 100%, there would be no water vapor entrained).
Figure 5 indicates that the stoichiometric flow ratio is now a much more sensitive parameter comp red
to the previous case.
Reasonable cell outlet temperatures can be achieved by using a relatively low stoichiometric flow
ratio between ξ = 20 and ξ = 30. An obvious problem is that the stoichiometry has to be very accurately
controlled, otherwise it is nearly impossible to control the adiabatic outlet temperature. It can be seen
from Figure 5 that a change of the stoichiometric flow ratio, from, e.g., ξ = 22 to ξ = 24, leads to a
change in the adiabatic outlet temperature by around 5 ◦C. Therefore, it may be required to pre-heat
the incoming air in such extreme climates.
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3.3. Case 3: Hot and Humid Conditions
A second extreme climate case is an ambient temperature of 40 ◦C and an RH of 100%. As shown
in Figure 6, in such a case, the stoichiometric flow ratio has to be chosen very high. Assuming a cell
voltage of 0.7 V, the stoichiometric flow ratio would need to be in the range of ξ = 75 and higher
to attain a reasonable adiabatic outlet temperature of 60 ◦C. Especially at elevated current densities,
this would require a stronger blower. Thus, the blower specification is very tightly coupled to the
fuel cell operating region. These diagrams clearly show that in every different climate zone, there is a
different operating regime for the same hardware, which has to be carefully adjusted.
Energies 2020, 13, x FOR PEER REVIEW 10 of 13 
 
Reasonable cell outlet temperatures can be achieved by using a relatively low stoichiometric 
flow ratio between ξ = 20 and ξ = 30. An obvious problem is that the stoichiometry has to be very 
accurately controlled, otherwise it is nearly impossible to control the adiabatic outlet temperature. It 
can be seen from Figure 5 that  change of th  stoichiometric flow ra io, from, e.g., ξ = 22 to ξ = 24, 
leads to  change in the adiabatic outlet te perature by around 5 °C. Therefore, it may be required 
to pre-heat the incoming air in such extreme climates.  
3.3. Case 3: Hot and Humid Conditions 
A second extreme climate case is an ambient temperature of 40 °C and an RH of 100%. As shown 
in Figure 6, in such a case, the stoichiometric flow ratio has to be chosen very high. Assuming a cell 
voltage of 0.7 V, the stoichiometric flow ratio would need to be in the range of ξ = 75 and higher to 
attain a reasonable adiabatic outlet temperature of 60 °C. Especially at elevated current densities, this 
would require a stronger blower. Thus, the blower specification is very tightly coupled to the fuel cell 
operating region. These diagrams clearly show that in every different climate zone, there is a different 
operating regime for the same hardware, which has to be carefully adjusted.  
(a) (b) 
Figure 6. Dependency of the adiabatic outlet temperatures of the product stream on the operating cell 
voltage. The incoming conditions were a temperature of 40 °C and a relative humidity of 100 %. (a) Entire 
voltage range, (b) close-up on the region of interest. 
3.4. Case 4: Hot and Dry Conditions 
Finally, hot and dry outside conditions shall be investigated. Figure 7 shows the diagrams for 
an inlet temperature of 40 °C and an outside relative humidity of 30%. While the inlet RH at lower 
temperatures has a weak effect on the ability to operate the cell, at elevated temperatures, this effect 
becomes larger. This is in very good accord with the operating conditions suggested by Ballard Power 
Systems [4]. From Figure 7, it is suggested to maybe choose a target cell voltage to 0.75 V in order to 
obtain the same adiabatic outlet temperature of 60 °C for the same stoichiometric flow ratio of ξ = 60.  
(a) (b) 
Figure 7. Dependency of the adiabatic outlet temperatures of the product stream on the operating cell 
voltage. The incoming conditions were a temperature of 40 °C and a relative humidity of 30 %. (a) Entire 
voltage range, (b) close-up on the region of interest. 
Figure 6. Dependency of the adiabatic outlet temperatures of the product stream on the operating
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3.4. Case 4: Hot and Dry Conditions
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Syste s [4]. Fro Figure 7, it is s ggeste to aybe choose a target cell voltage to 0.75 in or er to
obtain the sa e a iabatic o tlet te erat re of 60 ◦ for the sa e stoichio etric flo ratio of ξ 60.
The question of how well the membrane is hydrated under such conditions is being addressed in
a computational fluid dynamics study of the same fuel cell, with surprising results that have been
published separately [25]. The current work focuses on thermodynamic aspects, and it can be seen that
the adiabatic outlet temperature of the reactant gases can be calculated out of knowledge of the cell
voltage and the stoichiometric flow ratio. The operating temperature of these air-cooled fuel cells is
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usually adjusted by trial-end-error, and it may be concluded from the current analysis that the adiabatic
outlet temperature is a suitable definition for the operating temperature of these fuel cells.
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4. Conclusions
In this work, the first law of thermodynamics has been applied to an air-cooled fuel cell stack to
calculate the adiabatic outlet temperature of the reactant gases in a similar way as is routinely done in
combustion analysis. V-Tad-Diagrams of the fuel cell voltage versus the adiabatic outlet temperature
have been constructed that show the feasibility to operate the fuel cell in extreme climate conditions.
For very cold inlet gases, the cathode stoichiometry has to be below ξ = 30 to attain reasonable cell
operating temperatures. The diagrams have also shown that it is very important to supply all fuel
cell channels with the same amount of air under cold conditions. Even a mal-distribution of less than
10% can lead to a cell-to-cell variation in the adiabatic outlet temperature of 5 ◦C, when generally, the
cell-to-cell variation in temperature should be kept below 6 ◦C [4].
The second and third extreme climate cases were an outside temperature of 40 ◦C and either
fully humidified or very low outside relative humidity. While the relative humidity generally plays
a minor role in the construction of the diagrams, the inlet RH becomes more important at high
outside temperatures, and this is in good agreement with the stack manufacturer’s observations [4].
Stoichiometric flow ratios should be between ξ = 60 and ξ = 80 to keep the gas outlet temperatures
within a reasonable region. Overall, the diagrams have shown that there is no inherent reason why
air-cooled fuel cells cannot be operated at elevated current densities.
It is also important to realize that in the current study, it is assumed that all the waste heat is
carried out by the reactant gases, i.e., that the stack is perfectly insulated. This was done for simplicity
and to examine the extreme case. In real stacks, there is a certain amount of waste heat leaving the stack
at the top and bottom, and the maximum temperature is often observed in the center of the stack [4].
While such a thermodynamic analysis gives valuable insight into the general feasibility to operate
a fuel cell in extreme climate conditions, it does not allow a glimpse in the interior of the cell, and it did
not give an answer to the question of why the limiting current density is only around 0.4 A/cm2. From
a thermodynamic perspective, a higher current might be attainable just by placing a larger fan behind
the stack. Therefore, a computational fluid dynamics study has been conducted in order to shed light
into the underlying heat and mass transfer that occurs inside such an air-cooled fuel cell [25].
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Nomenclature
A constant in Antoine’s equation (A = 8.07131)
B constant in Antoine’s equation (B = 1730.63)
C constant in Antoine’s equation (C = 233.426)
CL Catalyst layer
cp specific heat and constant pressure (J/kg-K)
D constant in Antoine’s equation (D = 133.233)
GDL Gas diffusion layer
h specific enthalpy (J/mol)
H enthalpy stream (W)
I Fuel cell current (A)
i Current density (A/cm2)
F Faraday’s constant (96,487 C/mol)
M Molecular Weight (kg/mol)
.
n Molar flow rate (mol/s)
PEMFC Proton exchange membrane fuel cell
p Pressure (Pa)
Q Heat Loss (W)
RH Relative humidity (-)
T Temperature (◦C)
V Voltage (V)


















ξ Stoichiometric flow ratio (Stoich) (-)
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